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Abstract   
We have grown germanium selenide (GeSe) triangular nanoplate arrays (TNAs) with a 
high density (3.82 × 106 / mm2) on the Si (111) substrate using a simple thermal 
evaporation method. The thickness and trilateral lengths of a single triangular nanoplate 
were statistically estimated by atomic force microscopy (AFM) as 44 nm, 365 nm, 458 
nm and 605 nm, respectively. Transmission electron microscopy (TEM) images and X-
ray diffraction (XRD) patterns show that the TNAs were composed of single crystalline 
GeSe phase. The Se-related defects in the lattice were also revealed by TEM images 
and Raman vibration modes. Unlike previously reported GeSe compounds, the GeSe 
TNAs exhibited temperature-dependent photoluminescence (PL). In addition, not 
previously reported PL peak (1.25 eV) of the 44 nm thick TNAs at 5 K was in the gaps 
between those of GeSe monolayers (1.5 nm) and thin films (400 nm), revealing a close 
relationship between the PL peak and the thickness of GeSe. The high-density structure 
and temperature-dependent PL of the TNAs on the Si substrate may be useful for 
temperature controllable semiconductor nanodevices. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1. Introduction 
Graphene is one of the most widely studied two-dimensional (2D) materials due to its 
fascinating mechanical, electronic and optical properties.1-6 Because of the absence of 
bandgap in graphene, a great amount of effort has been put on finding alternative 2D 
semiconductors.7-10 Recently, IV-VI composite semiconductors (such as GeS, GeSe, 
SnS and SnSe) have attracted extensive interests because of their natural layered 
crystalline structure and excellent semiconductor properties.11-17 Additionally, due to 
the strong covalent bond within the layer and the weak van der Waals interaction 
between the layers, the suspended bond and surface state are eliminated, which makes 
the IV-VI materials possess chemical inert surface and considerable environmental 
stability.18-21 Among IV-VI compound semiconductors, GeSe possesses a narrow band 
gap overlapping well with the solar spectrum, high carrier mobility, low toxicity and air 
stability, showing great potentials in fabrication of electronic and optoelectronic 
devices.18, 21-25 Different GeSe structures including nanoparticles,26 nanosheets 
(hexagonal, comb and irregular structures)3, 12, 14, 18 and thin films19, 25 were fabricated 
by various methods such as chemical vapor deposition and mechanical exfoliation.   
There were a few reports investigating the photoluminescence (PL) properties of 
GeSe compounds. For example, Zhao et al. fabricated 1.5 nm thick GeSe monolayers 
using laser-thinning technology, and found that the PL spectra was temperature-
independent in which the main peak was around 655 nm.27-28 Chen et al. measured the 
PL spectra of 400 nm thick GeSe thin films (~ 267 layers) synthesized by thermal 
evaporation and found the main peak was around 1172 nm at room temperature.24 
Obviously, there was a huge size gap between a monolayer thickness and a few hundred 
layers thickness and a very big difference between the PL spectra peaked at 655 nm and 
1172 nm. Additionally, it was surprising that no temperature dependence of PL was 
found in GeSe yet, because PL is closely related to semiconductor band gap which is 
usually dependent on temperature. Therefore, it is important to fabricate GeSe 
structures with a thickness between a monolayer and a few hundred layers thickness 
and experimentally explore the thickness- and temperature-dependent PL properties.  
In this report, we have fabricated high density and uniformly distributed GeSe 
triangular nanoplate arrays (TNAs) on Si (111) substrates by thermal evaporation. The 
thickness and trilateral lengths of a single triangular nanoplate were statistically 
estimated to be 44 nm, 365 nm, 458 nm and 605 nm, respectively. The microstructure 
and the PL of the TNAs were then studied. A weak temperature dependence of PL was 
observed in the GeSe TNAs and a novel PL main peak about 995 nm was found at 5 K. 
Discussions about band gap and activation energy of the GeSe TNAs were then 
presented.   
2. Experimental  
The samples were grown in a double-temperature zone corundum tube furnace system 
shown in Fig. 1(a). GeSe powders (99.9%) evenly spread (1 mm thick) on a piece of 
clean corundum plate (50 × 25 × 0.8 mm) located at the high-temperature zone. A piece 
of intrinsic Si (111) (10 × 10 × 0.5 mm) was placed in the low-temperature zone as the 
substrate. The corundum tube was first evacuated by a mechanical rotary pump before 
evaporation and then a carrier gas (5% H2 + 95% Ar) was flowed through at 30 standard 
cubic centimeters per minute (sccm) at 5 Torr during the whole growth process. Then 
GeSe powders were heated at 470 ℃ to form GeSe vapors.19 The vapors were 
transported over the Si substrate along with the carrier gas flowing through the chamber. 
After 1 h thermal evaporation, GeSe products were formed on the Si substrate. In order 
to optimize the growth conditions, different substrate temperatures (50 ℃, 100 ℃ and 
150 ℃) were tried. After the growth process, the furnace was naturally cooled down to 
room temperature. The schematic diagram of the growth process was shown in Fig. 
1(b). 
 
Fig. 1 (a) Schematic of experimental setup. (b) The growth process of GeSe TNAs on 
Si (111) substrate. 
 
The samples’ morphologies were studied with atomic force microscopy (AFM, 
Benyuan, CSPM5500) and transmission electron microscopy (TEM, FEI, Tecnai-F30). 
The structural and chemical characterizations were conducted by TEM equipped with 
an energy dispersive X-ray spectroscopy (EDX, AMETEK). The crystalline nature was 
characterized by high-resolution TEM (HRTEM) and corresponding Fourier 
transformation (FFT). X-ray diffraction (XRD) patterns were recorded on a 
diffractometer (Fangyuan, DX-2500) equipped with a Cu Kα radiation (λ = 1.54056 Å). 
X-ray photoelectron spectroscopy (XPS, Thermo Fisher, K-Alpha) with Al Kα 
radiation of energy 1486.8 eV was used to analyze the composition and chemical state. 
Raman spectra was collected from liquid nitrogen temperature to room temperature 
using a solid-state laser with a wavelength of 532 nm as the excitation source. The PL 
properties were studied by a fluorescence spectrometer (Princeton Instruments, 
SP2500i) in the temperature range of 5 K to 240 K using a He-Cd laser in the spectral 
range of 813-1300 nm excited at a wavelength of 405 nm.  
3. Results and discussion 
Fig. 2(a-c) shows 2D AFM images of the synthesized GeSe products on the Si (111) 
substrate heated at different temperatures (50 ℃, 100 ℃ and 150 ℃). At 50 ℃, the 
products were composed of small irregular dots sparsely distributed on the substrate. 
At 100 ℃, a large number of densely and uniformly distributed triangular nanoplate 
arrays were formed. At 150 ℃, the triangular nanoplates became blurred and non-
uniformly distributed. Obviously, the substrate temperature played a key role in the 
formation of the GeSe TNAs, and it turns out that 100 ℃ heating provided appropriate 
thermal energies for the GeSe molecules to form high quality TNAs. We also tried 
different GeSe source temperatures (350 ℃ and 530 ℃) other than 470 ℃, and found 
that either no product (350 ℃) or only Ge particles (530 ℃) synthesized on the Si 
substrate. So we will focus on the results of the TNAs grown at the soure temperature 
of 470 ℃ and the substrate temperature of 100 ℃. 
 Fig. 2 AFM 2D images of GeSe grown on Si (111) substrate at different temperatures 
(a) 50 ℃, (b) 100 ℃ and (c) 150 ℃. (d) AFM 3D image corresponding to (b), inset is 
the diagram of a triangular plate model. Length distribution of (e) a, (f) b and (g) c. (h) 
Angle θ between a and b of the triangular nanoplates. 
 
Fig. 2(d) was three-dimensional (3D) AFM image of GeSe TNAs corresponding to 
Fig. 2(b), it shows that the thickness of a single triangular nanoplate was ~ 44 nm. The 
average density of triangular nanoplates on the substrate was measured by AFM as ~ 
3.82 × 106 / mm2. In Fig. 2(d), an ideal triangular plate model was established to 
characterize the basic structural parameters of the GeSe triangular nanoplate, where the 
edge lengths were represented by a, b and c, respectively, and the angle between a and 
b was represented by θ. Fig. 2(e-h) show the statistical distribution curves of the 
measured parameters a, b, c and θ of 200 randomly selected triangular nanoplates. By 
fitting the experimental curves with Gaussian distribution function, the most probable 
values of a, b, c and θ were obtained as 365 ± 24 nm, 458 ± 22 nm, 605 ± 25 nm and 
95.5 ± 2.5 °, respectively. 
 
Fig. 3 (a) Annular dark-field STEM image of the cross-section of the TNAs and 
corresponding EDS mapping images of Ge and Se elements. Inset is a representative 
EDS spectrum. (b) The HRTEM image of the area marked by red rectangular frame in 
(a) as well as the corresponding FFT image. The yellow arrows indicate the locations 
of the defects. (c) Crystallographic view of GeSe lattice on the (001) plane depicting 
the crystal facets of (210) and )102( matching the lattice image in (b). Green balls and 
yellow balls represent Ge and Se atoms, respectively. (d) XRD pattern of the GeSe 
TNAs on Si substrate.  
 
The structure and chemical composition of the TNAs were investigated by TEM. An 
annular dark-field (ADF) STEM image of the cross-section of the TNAs was shown in 
Fig. 3(a). A representative EDS spectrum and a region scanning profile of Ge and Se 
elements indicate that the main ingredients of the TNAs were Ge and Se and the atomic 
ratio of Ge: Se was approximately 1:1. The region scanning profile confirmed the Ge 
and Se uniformly distributed in the triangular nanoplate. The HRTEM image in Fig. 
3(b) reveals that the GeSe triangular nanoplate was a single crystalline structure, and 
the exposed crystalline facets in the lattice were (210) and )102(  with corresponding 
crystalline plane spacing of 3.14 Å. The defective sites marked by the yellow arrows in 
the HRTEM image and the blurry halo shown in the corresponding FFT image indicate 
there is a small amount of defective phases presented in the nanoplates. Further Raman 
studies also reveal existence of the defects in the TNAs, which will be discussed later. 
Fig. 3(c) shows a schematic diagram of 2D GeSe crystalline structure, which depicts 
the crystalline facets of (210) and )102(  in Fig. 3 (b). The XRD patterns of the TNAs 
in Fig. 3(d) show that the diffraction peak corresponding to the crystalline facet (420) 
could be indexed to the orthorhombic GeSe with cell unit of a = 10.84 Å, b = 3.834 Å, 
c = 4.39 Å (JCPDS No. 48−1226, Pnma), consistent with the HRTEM result.  
 Fig. 4 XPS spectra of (a) Ge 3d and (b) Se 3d in the GeSe TNAs. The binding energies 
of (c) Ge2+ and (d) Se2- detected by XPS in our work (circles) and in the literature 
(triangles). 
 
The bonding states in the GeSe TNAs were analyzed by XPS. The spectra of the 
TNAs exhibit the peaks of Ge 3d around 29.9 eV and Se 3d around 54.6 eV, as shown 
in Fig. 4(a) and (b). The binding energies of Ge 3d and Se 3d in our measurements were 
in good agreement with those of GeSe compounds in literatures,19, 29 as shown in Fig. 
4(c) and (d), indicating that the most probable valence states of Ge and Se were +2 and 
-2 in the TNAs, and Se0, Ge0 and Ge4+ were not detected within the limitation of XPS 
resolution. 
 Fig. 5 (a) Raman spectra collected from the GeSe TNAs under 532 nm laser light 
excitation at the temperatures between 83 K and 293 K. (b) Left: the formation energies 
of vacancy defect and substitutional defect on the Ge site in GeSe by ab initio 
calculations, respectively. Right: the structures of Se8 molecule (ring) and polymer-like 
structure (chain). The variation of (c) peak position and (d) full width at half maximum 
(FWHM) as the function of temperature. 
 
Fig. 5(a) shows the typical Raman spectra collected from the GeSe TNAs under 532 
nm laser excitation at the temperatures between 83 K and 293 K. The Raman peak 
signal was weak. The similar phenomenon has been observed in laser thinned GeSe 
nanosheets, which was attributed to the small thickness and the defects of the sample.27, 
35 Fig. 5(a) exhibited ten discernible Raman peaks located at 52 cm-1, 61 cm-1, 69 cm-1, 
76 cm-1, 84 cm-1, 93 cm-1, 109 cm-1, 197 cm-1, 239 cm-1 and 256 cm-1, respectively. 
According to previous Raman studies on GeSe compounds,27, 35-36 these peaks 
correspond to phonon vibrations of Ge-Se bonds and Se-related defects. The ten peaks 
could be well divided into two groups. One group includes five peaks located at 61 cm-
1, 69 cm-1, 76 cm-1, 93 cm-1 and 197 cm-1, which could be identified as 𝐵1𝑔
1, 𝐵2𝑔
1, 
 𝐴𝑔
3, 𝐵2𝑔
2 and 𝐴𝑔
1
 vibration modes of the Ge-Se bonds,35-37 respectively. The other 
group includes the other five peaks at 52 cm-1, 84 cm-1, 109 cm-1, 239 cm-1 and 256 cm-
1, which were assigned to Se-related defects: the first three peaks correspond to the 
vibration modes of selenium octacyclic (Se8) molecule,
38 and the last two peaks 
correspond to the polymer-like structure.39 The deviation between the experimental and 
theoretical values of each Raman peak position was not more than 5 cm-1.  
The Se8 molecule and polymer-like defects in our samples were probably resulted 
from the absence or disordered arrangement of lattice atoms accidentally occurred 
during the growth process. One example of the possible formations of these two Se-
related structures was shown in Fig. 5(b), in which Se8 molecule (ring) and polymer-
like structure (chain) were formed by Se and Se interatomic bonding after Ge atoms 
replaced by Se ones. We did not use vacancy defects to construct the Se-related 
structures in Fig. 5(b) because our ab initio calculations showed that the formation 
energy of substitutional defect on the Ge site in GeSe lattice was less than that of 
vacancy defect, suggesting the substitutional structure was energetically more 
preferable in the nanoplates. The Raman peak signal at 256 cm-1 was relatively strong 
in our samples, indicating that the polymer-like structure dominates in the defects of 
the GeSe TNAs. 
The Raman peaks were fitted by Gaussian distribution functions and the temperature-
dependent peak position and full width at half maximum (FWHM) were plotted in Fig. 
5(c-d). The Raman peak position and FWHM of each vibration modes vary almost 
linearly with temperature and no sudden change occurs, which indicates that no 
structural phase transitions happen below 293 K. However, the slopes of the curves are 
different, indicating that the influence of temperature on different vibration modes was 
different.  
The PL properties of the GeSe TNAs were studied under 405 nm laser excitation at 
different temperatures. Fig. 6(a) illustrates that the samples were capable of emitting 
light under the excitation below 220 K. Unlike previous reports by other groups,24, 27-28 
the temperature-dependent PL was observed in our GeSe samples: the luminescence 
peak position was around 995 nm (1.25 eV) at 5 K and increased to 1017 nm (1.22 eV) 
at 220 K. In addition, the PL peak position of the TNAs was also significantly different 
from previously reported results. For comparison, we plotted the experimental PL peak 
positions of 1.5 nm thick GeSe monolayers, 27-28 400 nm thick thin films24 and our 44 
nm thick TNAs in Fig. 6(d), which shows that the TNAs exhibit a luminescence peak 
in the gap between those of the GeSe monolayers and thin films. This reveals that the 
main PL peak is dependent on the thickness of GeSe compounds, which is consistent 
with the layer-dependent behavior of the band gap and PL by ab initio calculations.40-
41 
 Fig. 6 (a) The temperature-dependent PL spectra of the GeSe TNAs. (b) The PL peak 
energy as a function of temperature. (c) The PL peak intensity as a function of 
temperature. The value of EA = 15.9 meV was obtained in the GeSe TNAs by fitting 
the experimental data. (d) The experimental value of the main PL peaks of GeSe 
monolayers, thin films and our triangular nanoplates. 
 
The PL spectra were fitted with a Gaussian distribution function, and the 
temperature-dependent PL peak energy and intensity were plotted in Fig. 6(b) and (c). 
The PL peak energy as a function of temperature can be well described by Varshni 
equation42 
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where E(0) represents the band gap at T = 0 K, α is the temperature coefficient, and β 
is a constant related to the material. The fitting to Eq. (1) shows that E(0) = 1.247 eV, 
α = 0.16 meVK-1 and β = 34.89 K. The PL intensity decreased with increasing 
temperature, since more carriers were thermally excited to higher energy states at higher 
temperature and then diffused away to non-radiative recombination centers related to 
the defects and recombined there.43-44 The curve in Fig. 6(c) shows a complete 
exponential decay process, which can be well expressed by Arrhenius equation45 
)exp(1
0)(
Tk
E
C
I
B
A
TI

  (2), 
where I0 
is a normalizing factor, C is a constant related to radiative and non-radiative 
recombination, EA is the activation energy considering the non-radiative recombination 
process, and kB is the Boltzmann constant. The value of EA can be obtained by fitting 
the experimental data of intensity (I) as a function of temperature (T) according to Eq. 
(2). As shown in Fig. 6(c), the EA value of 15.9 meV was obtained in the GeSe triangular 
nanoplates. This value is the same order of magnitude as those in other II-VI and IV-VI 
compounds, such as CdS nanobelts46 and PbS quantum dots47. The temperature-
dependent novel PL wavelength and low PL activation energy of the GeSe TNAs may 
be useful for semiconductor nanodevices. 
 
4. Conclusion 
In conclusion, we have grown GeSe triangular nanoplate arrays with a high density of 
3.82 × 106 / mm2 on the Si substrate. The structures and temperature-dependent PL 
properties of the TNAs were investigated. The GeSe TNAs can emit not previously 
reported intense infrared light under photon excitation, whose wavelength was around 
995 nm at 5 K and activation energy was 15.9 meV. The temperature-dependent PL 
characteristics of the GeSe TNAs on the Si substrate may be utilized to design GeSe-
based semiconductor devices, such as the temperature-controllable infrared light 
generators or photo-thermal sensors. 
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